Introduction
Sickle cell disease (SCD) is a monogenetic disorder 1 responsible for at least 100 000 deaths per year worldwide. 2 Sickle cell anemia (SS), the most common form of SCD, is caused by a homozygous mutation in the b-globin gene that promotes intraerythrocytic polymerization of deoxygenated hemoglobin, leading to erythrocyte rigidity, dehydration, impaired rheology, and premature hemolysis. 1 Vaso-occlusion and intravascular hemolysis are the 2 predominant pathophysiological events in SCD. 1, 3, 4 Vaso-occlusion contributes to the onset of acute painful vaso-occlusive crisis (VOC), which is the primary reason for emergency medical care among SCD patients. 1, 5 High platelet and leukocyte counts are risk factors for VOC, 6 and neutrophil-platelet aggregates are significantly elevated at steady state in the blood circulation of SCD patients. 7, 8 Neutrophil-platelet aggregation has also been shown to occur in TNF-a-treated cremaster venules of transgenic SCD mice, which was enabled by neutrophil CD11b/CD18 (Mac-1) binding to glycoprotein Iba (GPIba) on platelets. 9 Recently, 10 we used intravital microscopy in transgenic SCD mice to show that large neutrophil-platelet aggregates occlude pulmonary arterioles to promote lung vaso-occlusion in SCD. In the same study, 10 we also used quantitative microfluidic fluorescence microscopy (qMFM), an in vitro microfluidic-based approach, 11 to reveal that the neutrophil-platelet aggregation under vascular mimetic flow was significantly higher in steady state SCD than race-matched control human blood and partially enabled by Mac-1 on neutrophils binding to GPIba on platelets. Platelet-neutrophil interactions in SCD human blood were significantly inhibited by function-blocking antibodies (Abs) against CD11b or GPIba. 10 Taken together, these studies 7, 9, 10 suggest that Mac-1-GPIba interactions also contribute to neutrophilplatelet aggregation in SCD, and GPIba antagonists can be therapeutically beneficial in preventing VOC. The Mac-1 binding site is situated within the leucine-rich COOH-terminal flanking region of GPIba (residues 201-268). 12 This region includes a regulatory R-loop (residues 227-241), which is also the major binding site for the A1 domain of human von Willebrand factor A1 (VWF-A1). 13, 14 OS-1,a cyclic peptide (ACTERMALHNLCGG) has been shown to potently inhibit (K D 0.74 nM) human platelet von Willebrand factor (VWF) aggregation by stabilizing the R-loop of GPIba in an alternative configuration that does not support key interactions with the human VWF-A1. [13] [14] [15] However, OS-1 is a selective inhibitor of human but not mouse GPIba, and therefore it cannot be evaluated by intravital studies in transgenic SCD mice. In this study, we used qMFM to show that CCP-224, a PEGylated form of the OS-1 peptide, potently inhibits neutrophil-platelet aggregation in SCD human blood flowing through microfluidic channels in vitro.
Methods

Human subjects
The human blood collection procedure has been described in detail elsewhere. 10, 11 Blood samples were drawn from steady state (not experiencing a VOC) SCD or control healthy human subjects at the Adult Sickle Cell Clinic of the University of Pittsburgh Medical Center in 0 thalassemia were included in the study. Additionally, only those SCD patients who were not experiencing an ongoing VOC were included in the study and referred to as steady state patients. The clinical characteristics of the human subjects are shown in Table 1 .
CCP-224
CCP-224, a cyclic PEGylated peptide ACTERMALHNLCGGKpolyethylene glycol (PEG 24) polymer with a disulfide bond between Cys2 and Cys12 was provided by Quell Pharma, Inc. (Half Moon Bay, CA). CCP-224 is based on the OS-1 cyclic peptide (ACTERMALHNLCGG), which was derived from a cysteine-constrained phage display library. 13, 15 The CCP-224 peptide was synthesized, cysteines were oxidized to form a disulfide bond, and the PEG polymer was then conjugated via amine chemistry to the unique lysine. The cyclic peptide somatostatin-14 (AGCKNFFWKTFTSC) with a disulfide bond between Cys3 and Cys14, purchased from AnaSpec, Inc. (Fremont, CA), was used as the control peptide.
qMFM Fluorescent Abs against CD16 and CD49b were added to the human blood for in situ staining of neutrophils and platelets, respectively. Blood was perfused through a polydimethylsiloxane (silicone)-based microfluidic flow channels with a glass bottom presenting a combination of recombinant human P-selectin, ICAM-1, and interleukin-8 (IL-8) at a physiological wall shear stress of 6 dyn/cm 2 . Platelet-neutrophil interactions were recorded for 2 minutes by using qMFM ( Figure 1A-B) . The flow was stopped after 2 minutes of perfusion, and the CCP-224 or control peptide (10 mg/mL) was added to the blood, and the flow was resumed for another 2 minutes to assess the effect of CCP-224 on neutrophil-platelet interactions. The details of the microfluidic device and qMFM approach have been described elsewhere. 10, 11 See supplemental Methods for details.
Statistics
Total number of neutrophil-platelet interactions ( Figure 1C -D, F-G) and the number of arrested neutrophils ( Figure 1I -J) pre-vs post-CCP-224 or control peptide treatment were compared by using a paired Student t test. Platelet interactions per arrested neutrophil ( Figure 1E ,H) were compared using Students t test. The lifetimes of interactions ( Figure 1K ) were compared by using the nonparametric Kruskal-Wallis H test. P , .05 was used to determine significance. Data in Figure 1E and H represents the mean 6 SEM.
Results and discussion
Steady state SCD or control human subject blood with or without the addition of the CCP-224 or the control peptide was allowed to flow through in vitro microfluidic channels, presenting a combination of P-selectin, ICAM-1, and IL-8, and neutrophil-platelet interactions were assessed by using qMFM. 11 Identical to our previous findings, 10, 11 neutrophils were observed to roll, arrest, and capture freely flowing platelets leading to the formation of neutrophil-platelet aggregates.
As shown in Figure 1A -B, fewer platelets were observed to nucleate on top of the arrested neutrophils in the blood of SCD patient 1 ( Figure 1A ) and patient 2 ( Figure 1B ) following treatment with CCP-224 compared with control peptide treatment. Previously, 10, 11 we have shown that the neutrophil-platelet aggregation in qMFM studies can be quantified based on 3 parameters; total platelet-neutrophil interactions per field of view, total platelet-neutrophil interactions per arrested neutrophil, and the lifetime distribution of platelet-neutrophil interactions. These parameters were compared by using pre-and posttreatment paired-sample analyses over several independent experiments done with 3 control and 3 SCD subjects (refer to supplemental Methods for details). Paired analysis revealed that CCP-224 ( Figure 1C ) but not the control peptide ( Figure 1D ) led to a significant reduction in the total number of plateletneutrophil interactions in SCD patient blood. Identical to SCD patient blood, CCP-224 also significantly reduced the total number of platelet-neutrophil interactions in African American as well as white healthy control human blood ( Figure 1F ). As shown in Figure 1G , the control peptide had no effect on plateletneutrophil interactions in control human subject blood. Treatment with CCP-224 also led to a significant reduction in the number of platelet interactions per arrested neutrophil in both SCD ( Figure 1E ) and control ( Figure 1H ) human blood. Plateletneutrophil aggregation-mediated vaso-occlusion is dependent on the ability of platelets to attach to neutrophils under vascular mimetic flow. Assessment of individual interactions ( Figure 1K ) revealed that CCP-224 led to a significant reduction in the median lifetime (5 seconds pre-CCP-224 vs 1.7 seconds post-CCP-224) of platelet-neutrophil interactions in SCD human blood. However, the number of arrested neutrophils was unaffected by CCP-224 in both control ( Figure 1I ) and SCD ( Figure 1J ) human blood, suggesting that the reduction in platelet-neutrophil interactions was not a consequence of neutrophil detachment from the substrate. The OS-1 peptide, which is the nonPEGylated version of CCP-224 is known to stabilize GPIba in low affinity configuration. [13] [14] [15] Thus, the presence or lack of inhibition with the CCP-224 or control peptide, respectively, was not primarily caused by the presence or absence of PEG polymer in the CCP-224 or control peptide, respectively. Taken together, our data suggest that the GPIba antagonist, CCP-224 is a potent inhibitor of neutrophil-platelet aggregation in SCD patient blood under vascular mimetic flow conditions.
Recent studies have identified a role for P-selectin, E-selectin, and Mac-1 in mediating vaso-occlusion in transgenic SCD mice in vivo. [8] [9] [10] 16 These findings have inspired clinical trials designed to test the efficacy of P-selectin, 17 E-selectin, 18 and Mac-1 19 blockers in reducing the frequency of VOC in SCD patients.
Our previous 10 and current findings suggest that the platelet GPIba is also a potential target for antiadhesion therapy in SCD. In a recent clinical trial, 17 a P-selectin Ab led to a significant reduction in VOC among SCD patients. Thus, a combination therapy that uses both P-selectin and GPIba inhibitors could possibly be more potent than the individual inhibitors. CCP-224 also inhibits GPIba binding to human VWF-A1, 12, 14 and therefore may increase the risk of bleeding complications. However, SCD is associated with elevated plasma levels of hyperadhesive VWF, which is believed to promote microvascular thrombosis. 20 Thus, CCP-224 might also prevent hemostatic complications in SCD by downregulating platelet activation by circulating VWF multimers. Our in vitro findings support the need for future clinical studies to test the safety and efficacy of CCP-224 in SCD patients. 
